Introduction
============

HAX1 was originally identified as an interaction partner of the hematopoietic lineage cell-specific protein 1 (HS1)^[@bib1]^ and was shown to affect receptor-mediated apoptotic and proliferative responses of lymphocytes.^[@bib2],[@bib3],[@bib4]^ Generally, HAX1 is closely associated with not only the mitochondrial membrane but also the endoplasmic reticulum, nuclear envelope, and plasma membrane.^[@bib1],[@bib4],[@bib5],[@bib6]^ The fact that HAX1 functions as an interaction partner of many different proteins, including caspase-9,^[@bib7]^ Omi/HtrA2,^[@bib8],[@bib9]^ cortactin/EMS1,^[@bib5]^ the α subunit of G13 heterotrimeric G protein,^[@bib10]^ polycystic kidney disease protein 2 (PKD2),^[@bib5]^ ILK (integrin-linked kinase),^[@bib11]^ and the cytoplasmic tail of α~ν~β~6~ integrin,^[@bib12]^ to intracellular pre-IL1α^[@bib13]^ and to some virus-associated proteins,^[@bib14],[@bib15],[@bib16],[@bib17]^ suggests that HAX1 has complex functionality.

Because of the structural similarity of HAX1 to the anti-apoptotic protein Bcl-2,^[@bib1]^ HAX1 was thought to play an important role in the regulation of programmed cell death and in the promotion of cell survival. This hypothesis was confirmed by several studies that demonstrated a protective function of HAX1 against apoptotic cell death.^[@bib7],[@bib8],[@bib18],[@bib19]^ In humans, HAX1 deficiency causes autosomal recessive severe congenital neutropenia (SCN),^[@bib20],[@bib21]^ and HAX1 was suggested to be a major regulator of myeloid homeostasis, thereby emphasizing its effect on apoptosis during neutrophil development. In psoriasis, disturbed epidermal differentiation correlates with increased HAX1 expression, which may result in prolonged resistance to terminal differentiation.^[@bib22]^

In addition to its anti-apoptotic role, HAX1 has been shown to have proapoptotic properties that may be mediated by the upregulation of HAX1 splice variant II^[@bib23]^ (shown in rat). This change in function could be mediated partly by the ability of the HAX1 splice variants to form homotypic and heterotypic dimers. The human and rat HAX1 genes are heavily spliced.^[@bib24],[@bib25],[@bib26]^ In patients, HAX1 mutations affecting splice variant I lead to SCN, whereas mutations affecting splice variants I and II lead to CNS symptoms.^[@bib21],[@bib26],[@bib27]^ In mouse, only three different mRNAs encoded by two genes on chromosomes 2 and 3 have been described thus far.^[@bib19],[@bib25]^ Chromosome 3 encodes an mRNA of 1121 base pairs (HAX-1s) and a splice variant (HAX-1xs) with an internal deletion before the ends of exons 2 and 3 that keeps the reading frame intact.^[@bib19]^ In addition, a third species for the long HAX1, called *Silg111*, which does not contain introns and which is believed to be a pseudogene, originates from chromosome 2.^[@bib28]^

We generated a mouse model in which we deleted exons 2 and 3 of HAX1 on chromosome 3 and abolished the production of both splice variants; this model was used to demonstrate the crucial function of HAX1 in B cell development and in hematopoietic stem cell homeostasis maintenance.^[@bib29]^ Additionally, as described in detail by Chao et al.,^[@bib8]^ HAX1 deletion led to death at the age of 12 weeks; this premature death was caused by a loss of motor coordination, leading to a failure to drink and eat. Here, we aimed to explain the reduced number of B cells in more detail, and we asked whether the general viability of the bone marrow B progenitor cells and of the splenic B cells might be affected by the proposed anti-apoptotic function of HAX1. We first investigated the viability of the bone marrow cells and splenocytes upon starvation using eFluor staining and further investigated the influence of HAX1 deletion on apoptotic processes of anti-IgM-stimulated immature and mature B cells (using live/dead and apoptosis staining). Additionally, we addressed the question of whether HAX1 affects the internalization kinetics of the IgM-B cell receptor (BCR) using FACS. Because HAX1 is an IgE tail-interacting protein,^[@bib30]^ we further analyzed the binding of HAX1 to different cytoplasmic immunoglobulin domains by co-immunoprecipitation (co-IP) experiments and by surface plasmon resonance analysis (SPRA).

Materials and methods
=====================

Mice
----

The BALB/c Hax1^−/−^ mouse strain was generated by Peckl-Schmid et al.^[@bib29]^ Breeding and maintenance were conducted in the animal facility at the University of Salzburg according to the institutional and national guidelines for animal care and use.

Cell lines and media
--------------------

The murine B lymphoma cell line A20 (TIB-208) was maintained in RPMI 1640 supplemented with 10% FBS, 50 μM β-mercaptoethanol, 20 mM L-glutamine, 1x penicillin and streptomycin, 1 mM sodium pyruvate (PAA Laboratories), and 25 mM HEPES (Gibco). A20 cells that were stably transfected with chimeric constructs expressing human IgE/mouse IgM, IgG1, IgG2a, IgE, or IgA receptors were cultured in supplemented RPMI enriched with 400 μg/ml G418 (Gibco). The original human IgE plasmid (dEMPD) was kindly provided by Facundo Batista.^[@bib29],[@bib31]^

Antibodies
----------

For the *in vitro* stimulation of splenic B cells and bone marrow cells, we used goat anti-mouse IgM (Southern Biotechnology, 1020-01) antibody. For BCR internalization experiments, we used rat anti-mouse IgM-FITC (BD Pharmingen, R6-60-2) and goat anti-mouse IgM-pHrodo (Southern Biotechnology, 1020-01) antibodies. Apoptosis assays were performed with annexin V-FITC and the corresponding binding buffer (eBioscience) with eFluor780 and eFluor450 (eBioscience). For FACS analysis, the cells were further stained with CD45R/B220-APC (BD Pharmingen, clone RA3-6B2) antibody. For co-IP, we used anti-HAX1 (BD Transduction Lab) and anti-human IgE-HRP (KPL) antibodies.

Viability and apoptosis assays
------------------------------

Bone marrow cells and splenocytes were isolated from 8-week-old wild type (WT) and Hax1^−/−^ mice, and red blood cells were lysed using 1x BD Pharm Lyse buffer (BD Biosciences). In total, 1 × 10^6^ washed and pelletized cells were resuspended in 1 ml supplemented RPMI medium (described above), seeded in 48-well plates and incubated in a humidified atmosphere at 37°C.

*Viability assay*. The cells received no additional stimuli. Duplicates (1 × 10^6^ per well) were analyzed for their viability from days 0 to 4. The cells were harvested, washed with 1 ml 1x PBS, and stained with eFluor780 for 30 minutes at 4°C. The stained cells were washed two times with 1x PBS.

*Apoptosis assay*. In total, 5 × 10^6^ cells were stimulated with 2 μg goat anti-IgM (Southern Biotechnology, clone 1020-01). Then, 1 × 10^6^ cells were analyzed at days 0, 1, 2, 3, and 4. The cells were washed with PBS and stained with eFluor450 and CD45R (B220) for 30 minutes at 4°C. After the cells were washed with 1 ml FACS buffer (1x PBS and 3% FCS) and 1 ml 1x binding buffer (eBioscience), they were stained with 5 μl annexin V-FITC (eBioscience), which was diluted in 100 μl 1x binding buffer, for 15 minutes in the dark at room temperature (RT). Then, the cells were washed with 1x binding buffer and apoptosis analysis was performed using a FACSCantoII flow cytometer and FlowJo 9.7.6 software.

Internalization assays
----------------------

Single cell suspensions of splenocytes were prepared with 1x PBS, and red blood cells were lysed using 1x BD Pharm Lyse buffer (BD Biosciences).

*Internalization of IgM-FITC*. After the cells were washed, they were stained on ice with anti-IgM-FITC for 15 minutes and washed with ice-cold PBS. The cells were resuspended in 37°C pre-warmed 1x PBS/3% FCS and incubated at 37°C. At the time points 0, 5, 10, 15, 20, 25, and 30 minutes, an aliquot was stopped with ice-cold PBS. The cells were additionally stained with B220-APC (BD Pharmingen) and eFluor450 (eBioscience) on ice for 15 minutes and washed again with ice-cold PBS.

*Internalization of IgM-pHrodo*. In total, 100 μg goat anti-mouse IgM (clone 1020-01) was labeled using a pHrodo Red Microscale Labeling Kit (Molecular Probes by Life Technologies) according to the manufacturer\'s instructions. Then, 1 × 10^6^ cells were resuspended in 3 ml PBS/30 μl IgM-pHrodo and incubated at 37°C. At the time points 0, 15, 30, 45, 60, 75, and 90 minutes, 300 μl was stopped with ice-cold PBS, centrifuged and stained with B220-APC and eFluor450.

Co-immunoprecipitation of HAX1 with the hIgE antigen receptor
-------------------------------------------------------------

In total, 1 × 10^6^ transfected A20 cells were centrifuged and resuspended in 1 ml lysis buffer (25 mM Tris (pH 7.5), 140 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, and 1 mM SDS) containing a protease inhibitor (Complete Mini; Roche) and rotated at 4°C for 1 hour. The mixtures were centrifuged thereafter, and the supernatant was transferred into fresh tubes. Then, 5 μg HAX1 antibody was added, and the mixtures were rotated for an additional 3 hours at 4°C. Next, 50 μl Protein G Sepharose 4 Fast Flow (GE Healthcare) was added and incubated overnight by rotating at 4°C. On the next day, Protein G Sepharose was centrifuged for 1 minute at 14 000 rpm and washed two times with lysis buffer and two times with wash buffer (100 mM Tris (pH 8.1) and 0.5 M LiCl). After the pellets were washed, 40 μl 4x XT Sample buffer/20x XT Reducing Agent (1:5) (Bio-Rad) was added to the pelletized Protein G Sepharose and heated at 95°C for 5 minutes. Then, the samples were loaded onto a 10% polyacrylamide gel. The separated proteins and the Bio-Rad Kaleidoscope marker were transferred onto a methanol-activated Immobilon-P PVDF membrane (Millipore Corporation, Bedford, MA, USA) by electroblotting at 250 mA. Then, the membrane was blocked (blocking buffer: 10 mM Tris (pH 7.5), 100 mM NaCl, 0.1% Tween 20, and 5% nonfat dry milk) for 1 hour at RT under gentle agitation and incubated overnight with 5 μg anti-human IgE-HRP antibody. Detection was performed using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific).

Production of recombinant HAX1 protein
--------------------------------------

Complete HAX1 cloned into the pHIS-parallel 2 vector^[@bib29],[@bib30]^ was used for the production of recombinant HAX1 protein. Protein expression was induced in the *E.coli* strain BL21 at a density of OD~600~ = 0.8 by adding 0.75 M IPTG (stock: 1 M) and incubating at 26°C overnight. Then, the overnight culture was disrupted by sonification. Recombinant His-tagged HAX1 protein was purified from the supernatant using nickel-nitrilotriacetic acid agarose (Qiagen) according to the manufacturer\'s instructions, i.e., washing the column with binding buffer (8 M urea, 50 mM NaH~2~PO~4~, 300 mM NaCl, and 20 mM imidazole), followed by protein elution using elution buffer (8 M urea, 50 mM NaH~2~PO~4~, 300 mM NaCl, and 250 mM imidazole). The purified protein was analyzed by gel electrophoresis.

Surface plasmon resonance analysis with Biacore X
-------------------------------------------------

Recombinant His-tagged HAX1 protein (1 mg/ml in 10 mM NaH~2~PO~4~ (pH 7.5)) was diluted in 10 mM Na-acetate (pH 4) to a final concentration of 12 ng/μl and coupled to a CM5 chip (GE Healthcare) according to the manufacturer\'s instructions. The empty flow cell 2 was used as a reference. Synthetic peptides of the corresponding M2 regions (cytoplasmic domains) were injected at different concentrations (1--1000 μM).

Data analysis
-------------

The data are shown as mean ± SD. The statistical significance (n.s., *p* \> 0.05; \**p* ≤ 0.05; \*\**p* ≤ 0.01; \*\*\**p* ≤ 0.001) was calculated using the unpaired Student\'s *t*-test.

Results
=======

Hax1^−/−^ bone marrow cells show a decreased number of B220^+^ cells
--------------------------------------------------------------------

HAX1 deletion dramatically decreased the number of bone marrow cells,^[@bib8],[@bib29]^ among which the overall cell type distribution was only marginally affected (i.e., a trend toward a decreased percentage of lymphocytes) ([Figure 1a](#fig1){ref-type="fig"}). However, within the lymphocyte population, we found that the percentage of B220^+^ cells decreased significantly ([Figure 1b](#fig1){ref-type="fig"}), which suggests impaired lymphopoiesis throughout the development of B220^+^cells. Surface expression of the B220 marker is a characteristic of B cell development, and the decreased number of B220^+^ cells within the lymphocytes reflects impaired B cell development, resulting in a low number of B cells released from the bone marrow into the peripheral circulation of Hax1^−/−^ mice.^[@bib8],[@bib29]^ Representative FACS plots are shown in [Figure 1c](#fig1){ref-type="fig"}. The gating history is shown in [Supplementary Figure 1](#xob1){ref-type="supplementary-material"}.

HAX1 deletion enhances the survival of splenic B cells upon starvation/growth-factor withdrawal
-----------------------------------------------------------------------------------------------

Hax1^−/−^ mice display a severely reduced number of lymphocytes in the spleen, with an almost 70% reduction in the number of B220^+^ cells.^[@bib29]^ Given the proposed anti-apoptotic function of HAX1, we investigated whether the survival of bone marrow cells, from which B cells are derived, and the survival of splenic B cells might be affected. Hence, we cultivated bone marrow cells and splenocytes from 8-week-old Hax1^−/−^ and WT mice over a period of 4 days upon starvation, without adding stimulatory factors. We determined the rate of cell death of bone marrow cells and splenocytes by staining with the eFluor780 viability dye. During the observation period of 4 days, the number of dead Hax1^−/−^ bone marrow cells was comparable to the number observed in the WT bone marrow cells ([Figure 2a](#fig2){ref-type="fig"}), whereas the Hax1^−/−^ splenocytes surprisingly showed significantly enhanced survival on days 1 and 2 of cultivation ([Figure 2b](#fig2){ref-type="fig"}). The same trend could also be observed on days three and four.

HAX1 deletion affects the survival of immature and mature B cells upon BCR ligation
-----------------------------------------------------------------------------------

Furthermore, we investigated the apoptotic influences of HAX1 deletion on B220^+^ cells upon BCR ligation using anti-IgM antibody. Bone marrow cells and splenocytes from 8-week-old Hax1^−/−^ and WT mice were cultured and then stimulated with anti-IgM antibody over a period of 4 days. B220^+^cells were analyzed for their eFluor450 (eF) and annexin V-FITC (A) staining. The cells were classified as follows: A^−^/eF^−^ (living cells), A^+^/eF^−^ (early apoptotic cells), A^+^/eF^+^ (late apoptotic cells), and A^−^/eF^+^ (dead cells).

Because only a small percentage of bone marrow cells, i.e., the immature B cells, carry the IgM-BCR, we expected a minor effect. Nevertheless, we detected a difference in the percentage of A^−^/eF^−^ B220^+^ living cells on day 4 of our investigations, with Hax1^−/−^ mice showing increased percentages of these cells. Additionally, we observed decreased percentages of dead Hax1^−/−^ B220^+^ cells from day 2 onwards ([Figure 3a](#fig3){ref-type="fig"}). Increased percentages of A^+^/eF^+^ (late apoptotic) cells beginning on days 3 and 4 indicated a slower apoptotic rate in the Hax1^−/−^ cells. For a better overview, a comparison of living and dead B220^+^ bone marrow cells is shown in [Figure 3c](#fig3){ref-type="fig"} (top panel (a, b)).

This trend of increased survival observed in Hax1^−/−^-deficient immature B cells is even more pronounced in anti-IgM-stimulated B220^+^ splenocytes, with enhanced percentages of living cells and decreased percentages of dead cells on days 1 and 2 ([Figure 3b and c](#fig3){ref-type="fig"}, bottom panel (c, d)). On days 3 and 4, nearly all cells were dead, and the differences disappeared. The gating strategy is shown in [Supplementary Figures 2](#xob2){ref-type="supplementary-material"} and [3](#xob3){ref-type="supplementary-material"}. The means of [Figure 3a and b](#fig3){ref-type="fig"} are listed in [Table 1](#tbl1){ref-type="table"} with significant differences indicated by a gray background.

HAX1 deletion affects the internalization of the IgM-BCR
--------------------------------------------------------

We incubated splenocytes that had been treated with BCR-stimulating IgM-FITC at 37°C to investigate the internalization dynamics by measuring the mean fluorescent intensity (MFI) of FITC, which ceases to fluoresce in an acidic environment such as that of endosomes. The MFI of the Hax1^−/−^ B cells remained at a higher level compared to WT, indicating decreased internalization dynamics ([Figure 4a](#fig4){ref-type="fig"}). This difference became significant after 30 minutes at 37°C, indicating that HAX1 plays an important role in BCR internalization. Because the FITC fluorescence seemed to be preserved to a certain extent, we sought to confirm the observed difference in internalization dynamics using pHrodo-labeled IgM antibodies as a second approach. pHrodo fluorescence increases in acidic environments; therefore, an increase in fluorescence reflects the internalization. The comparison of the IgM-pHrodo internalization dynamics confirmed the difference we observed between Hax1^−/−^ and WT B cells using the FITC approach. Compared to WT, Hax1^−/−^ B cells showed significantly lower fluorescence starting after 15 minutes ([Figure 4b](#fig4){ref-type="fig"}). One representative FACS comparison showing time points 0 and 90 minutes is shown in [Figure 4c](#fig4){ref-type="fig"}. Slower internalization was also confirmed by confocal microscopy ([Supplementary Figure 4](#xob4){ref-type="supplementary-material"}).

HAX1 can bind to the cytoplasmic tails of different immunoglobulin subtypes
---------------------------------------------------------------------------

We initially identified HAX1 as an IgE tail-interacting protein that affected IgE-BCR endocytosis upon stimulation.^[@bib30]^ Here, we expanded upon these initial studies and tested the ability of HAX1 to bind to the cytoplasmic domains of IgA, IgG1, IgG2a, IgE, and IgM using a different approach. For that purpose, we exchanged the transmembrane and the cytoplasmic domains of the human IgE receptor with different mouse isotypes, as illustrated in [Figure 5a](#fig5){ref-type="fig"}, and stably transfected these constructs into A20 mouse B cell lymphoma cells. The MFIs of surface expression from the analyzed clones are shown in [Figure 5b](#fig5){ref-type="fig"}. The MFIs of the chimeric IgG1, IgE clone 1, and IgA receptors were equal; the MFIs of the chimeric IgG2a and IgE clone 2 receptors were slightly higher, whereas the chimeric IgM receptor showed the lowest MFI. A FACS histogram comparison is shown in [Figure 5c](#fig5){ref-type="fig"}. We precipitated HAX1 from the different stably transfected A20 cell lines with protein G Sepharose and determined its ability to bind to the chimeric human IgE receptors ([Figure 5d](#fig5){ref-type="fig"}). We detected the strongest interaction (strongest band) between HAX1 and the IgE tail (clones 1 and 2), followed by a strong interaction with the IgG1 and the IgG2a tails, whereas only a faint band was visible with the IgA tail. Because the expression level (i.e., MFI) of the IgA construct was comparable to those of the IgG1 and IgE clone 1 ([Figure 5b and c](#fig5){ref-type="fig"}), but the co-precipitation was much weaker with IgA, we concluded that the HAX1 interaction with the IgA tail is of low affinity. The MFI of the IgM tail construct was the lowest; nevertheless, a detectable interaction (faint band) that was stronger than the IgA band was visible. This somewhat weak band could be a result of the low surface expression of the chimeric IgM construct.

Identification of HAX1 as an N-terminal interaction partner of IgG1, IgG2a, and IgE by SPRA
-------------------------------------------------------------------------------------------

To support the above data, we additionally performed SPRA to measure the affinity of synthetic peptides of the corresponding cytoplasmic domains (M2 regions) to the immobilized recombinant HAX1. The peptides were injected at different concentrations (1--1000 μM), and the determined K~D~ values were calculated from the obtained curves ([Table 2](#tbl2){ref-type="table"}). In addition to the expected IgE-M2 binding (K~D~∼10^−6^), the cytoplasmic M2 tail regions of IgG1 and IgG2a showed high capacities (K~D~∼10^−7^) to bind to HAX1. Interestingly, we could not detect binding with the synthetic IgA peptide. This result supports the co-IP data and indicates a specific and relevant interaction of HAX1 with the immunoglobulin tails of IgE, IgG1, and IgG2a but not with that of IgA. To determine the possible binding motif of HAX1, we analyzed various truncated peptide versions. While the C-terminal deletions affected the binding behavior moderately, the N-terminal deletions of IgG1, IgG2a, and IgE led to a complete loss of interaction ([Table 2](#tbl2){ref-type="table"}). Based on these data, we propose that the N-terminal part KVKWI(V)F is the most likely binding motif for HAX1. To confirm this hypothesis, we fused the putative binding motif KVKWIF to the nonbinding IgA tail, which resulted in detectable binding (K~D~∼10^−6^). The short cytoplasmic tail motif of IgM, which consists of only three amino acids (KVK), is too short for meaningful SPRA; however, because KVK is part of the putative binding motif, a specific HAX1/IgM tail interaction is likely.

To define which chemical features within the cytoplasmic tail of membrane-bound IgA likely abolished HAX1binding, we compared the charge and polarity of the first 6 N-terminal amino acids of the different cytoplasmic immunoglobulin domains. This analysis revealed high similarity between IgG1, IgG2a, and IgE ([Table 3](#tbl3){ref-type="table"}). The greatest differences between the HAX1 binding tails (IgG1, IgG2a, and IgE) and the nonbinding IgA tail were visible at the first amino acid (IgG1, IgG2a, IgE, and IgM: K = polar/basic; IgA: T = polar/uncharged) and the fourth amino acid (IgG1, IgG2a, and IgE: W = nonpolar/hydrophobic; IgA: G = polar/uncharged), which could explain the altered binding. Glycine (G), the fourth amino acid within the IgA tail, primarily destroyed the nonpolar and hydrophobic properties of the putative binding motif. Because glycine (G) is a small amino acid (MW = 75) compared to tryptophan (W) (MW = 204), the size could additionally disturb HAX1 binding to the IgA tail through the reduced accessibility of this site. Taking together the co-IP data and the SPRA results, we conclude that HAX1 is not essential---or even is dispensable---for IgA-BCR functions such as internalization and/or signal transduction.

Discussion
==========

The results of the present study demonstrate the effect of HAX1 on BCR internalization dynamics. HAX1 deficiency resulted in decelerated internalization of the BCR, which correlated with the enhanced survival of premature and mature B cells.

Deletion of HAX1 affected the total cell number of all stages of B and T cell development in the bone marrow and in the secondary lymphatic organs.^[@bib8],[@bib29]^ HAX1 deletion also led to up to a 50% decrease in B220^+^ progenitor cells in the bone marrow, indicating that lymphopoiesis stays impaired throughout the developmental stages of B cells. This impairment increases with the developmental stage of the B cells; therefore, only an extremely small amount of progenitor cells reach the immature IgM-positive B cell stage, explaining the dramatic decrease in cell number in the periphery. Chao et al.^[@bib8]^ determined similar cell numbers in the pre-pro B cell stage (B220^+^, CD19^−^), representing very early B progenitors; a significant and high reduction in the pro-B cell stage (B220^+^, CD43^+^); and the highest reduction in the pre-B cell stage (B220^+^, CD25^+^). In patients with SCN, marginal B cell abnormalities have been described, with the exception of one patient who developed acute lymphoblastic leukemia (ALL).^[@bib32],[@bib33]^ The HAX1 mutation described in this patient affected splice variants I and II, but no further mutation was found. In ALL disease, many premature lymphocytes are produced that cannot mature into healthy blood cells. Generally, HAX1 deficiency in humans constitutes pre-leukemic conditions.^[@bib32]^ Because of the short lifetime of Hax1^−/−^ mice, the establishment of leukemic diseases could not be observed. We observed a slight reduction in the early B progenitor stage and a strong reduction in the late B progenitor stage in the bone marrow. Based on our current knowledge, we hypothesize that HAX1 plays a role in B cell development in mice and that B cell abnormalities in humans may depend on the site of the mutation within the HAX1 gene and on whether splice variants I and II are affected.

Several research groups have demonstrated the anti-apoptotic functions of HAX1.^[@bib7],[@bib8],[@bib17],[@bib29],[@bib34]^ Thus, we investigated the general survival rate of total bone marrow cells and expected altered cell death rates, which we did not observe. We did not detect altered survival of Hax1^−/−^ bone marrow cells, which confirmed our previousfinding.^[@bib29]^ Trebinska et al.^[@bib35]^ observed similar results for bone marrow-derived mast cells.HAX1 failed to protect against cytokine withdrawal-induced apoptosis, and these authors argued that the anti-apoptotic functions of HAX1 are cell type-specific and/or dependent on different stimuli. When we determined the survival of Hax1^−/−^ splenocytes in the same manner, we surprisingly detected lowered death rates. This observation was even more prominent after stimulating splenic B cells with anti-IgM and could be observed from anti-IgM-stimulated bone marrow B progenitor cells, where Hax1^−/−^ B220^+^ cells showed enhanced numbers of living cells and decreased numbers of dead cells in comparison to WT. In general, Hax1^−/−^ bone marrow cells showed a decreased number of lymphocytes, with a lowered amount of B220^+^ cells. Only low numbers of immature B cells were released to the periphery, and we suggest that these cells survive as a result of decreased pre-BCR response.

Additionally, mature Hax1^−/−^ B cells survived BCR-stimulation better than WT cells, which, as we hypothesized, was also due to decelerated BCR-mediated dynamics. Generally, BCR-mediated apoptosis is an important mechanism for the negative selection of self-reactive B cells.^[@bib36],[@bib37]^ Triggering the BCR without T cell-derived survival signals induces apoptosis^[@bib38],[@bib39]^ and prevents the survival of self-reactive B cells. Decelerated BCR internalization dynamics could facilitate the establishment of self-reactive B cells, leading to autoimmune diseases. However, this hypothesis needs to be studied in patients. In addition to our findings, the importance of HAX1 in internalization processes and cytoskeleton dynamics has been shown in previous publications.^[@bib1],[@bib2],[@bib3],[@bib5],[@bib10],[@bib30],[@bib40]^ Thus, we are the first group to link this function to activation-induced B cell death.

Because HAX1 has been identified as an IgE tail-interacting protein^[@bib30]^ that is involved in IgE-mediated internalization processes, we further investigated the interaction of HAX1 with different immunoglobulin tails and confirmed that HAX1 interacts with the IgG1- and IgG2a tails. HAX1 has a relatively high number of known interaction partners and is suspected to have "sticky" properties. We failed to detect binding between HAX1 and the IgA tail using both co-IP and SPRA, which suggests that the binding to IgG1, IgG2a, and IgE was specific. The short cytoplasmic domain of IgM (KVK) composes only a part of the interaction structure, which may offer an explanation for the relatively weak yet detectable interaction we found in our co-IP ([Figure 5d](#fig5){ref-type="fig"}). This weak interaction seems to be sufficient to mediate accelerated IgM-BCR internalization in the presence of HAX1. Using peptide sequence shuffling in SPRA, we identified the HAX1 interaction structure KVKWI(V)F in the binding tails of IgE, IgG1, and IgG2a. However, this sequence was completely absent in the IgA tail, whose sequence (TVRGPF) differs in charge and polarity, explaining the absent binding of the IgA tail to HAX1. As a final demonstration that KVKWI(V)F is sufficient for HAX1 binding, we restored the binding of HAX1 to the IgA tail by fusing the IgA tail to the KVKWIF motif. HAX1 was shown to be part of the pre-IL1α/IL1RII complex,^[@bib13]^ where the putative binding site of HAX1 at pre-IL1α was determined to be **KV**L**K**KRR. The first amino acids of KVKWI(V)F and **KV**L**K**KRR are chemically similar; therefore, we suggest that the motif KVK is the important core structure for HAX1 binding at the immunoglobulin tails.

We showed the direct interaction of HAX1 with immunoglobulin tails and the effect of HAX1 on BCR-mediated internalization. However, the function of HAX1 at immunoglobulin tails remains unknown. The BCR controls the activity of α~4~β~1~ integrin (VLA-4),^[@bib41]^ which mediates the adhesion of B progenitor cells to vascular cell adhesion molecule-1 (VCAM-1), which is present on bone marrow stromal cells.^[@bib42],[@bib43],[@bib44],[@bib45]^ This interaction ensures B cell development in defined microenvironments. Additionally, integrins mediate trans-endothelial migration, which is required for the recirculation and homing of mature B cells^[@bib46],[@bib47],[@bib48],[@bib49]^ and which is important for antigen-specific B cell differentiation.^[@bib50],[@bib51],[@bib52],[@bib53],[@bib54]^ Ramsay et al.^[@bib12]^ determined an important function of HAX1 in cell migration and clathrin-mediated endocytosis and identified HAX1 as a binding partner of α~ν~β~6~ integrin. The function of HAX1 at the tails is unknown and must be proven by further studies; however, HAX1 could play a role in transmitting the BCR signal to distinct integrins and/or in the regulation of integrin activity to coordinate the development, migration, and differentiation of B cells.

Based on the above-described results, we hypothesize that HAX1 plays a role in the development and maturation of B progenitor cells in the bone marrow. Additionally, we hypothesize that inhibited IgM-BCR response leads to decelerated apoptosis in Hax1^−/−^ mice. Based on the presence of the KVKWI(V)F motif as the putative interaction structure at the cytoplasmic immunoglobulin domains, we suggest that HAX1 affects BCR internalization and apoptosis for the IgE-, IgG1-, and IgG2a isotypes but not for the IgA-BCR. The exact function of HAX1 at the BCR and how HAX1 affects the internalization dynamics must be evaluated in further studies. However, the intrinsic effects of HAX1 on B cells, i.e., BCR internalization and apoptosis, cannot be the sole explanation for the severe defects in B cell development observed in Hax1^−/−^ mice *in vivo*, as described by Peckl-Schmid et al.^[@bib29]^ Additionally, a defective developmental environment could contribute to the decreased cell number in the bone marrow of Hax1^−/−^ mice; this possibility must evaluated by further experiments.
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![Frequencies of bone marrow lymphocytes and B220^+^ cells. (**a**) Percentages of cells gated from live lymphocytes from four Hax1^−/−^ and four WT mice. (**b**) The lymphocytes were further analyzed to determine the number of B220^+^ cells. (**c**) One representative comparison is shown. The means ± SD are shown; the significances were calculated using the unpaired Student\'s *t*-test.](cmi201518f1){#fig1}

![Rate of cell death of Hax1^−/−^ and WT bone marrow cells and splenocytes. (**a**) Bone marrow cells and (**b**) splenocytes from five Hax1^−/−^ and five WT mice were cultured over a period of 4 days without further stimuli. The percentage of dead cells was determined every day using eFluor staining. The means ± SD are shown; the significances were calculated using the unpaired Student\'s *t*-test.](cmi201518f2){#fig2}

![Effect of HAX1 on BCR-induced apoptosis. Bone marrow cells and splenocytes from four Hax1^−/−^ and four WT mice were stimulated with anti-IgM and cultivated over a period of 4 days. B220/eFluor/annexin V staining was performed every day. (**a**) B220^+^ bone marrow cells and (**b**) B220^+^ splenic B cells were analyzed for annexin V and eFluor staining. (**c**) Comparison of the percentages of living and dead cells; (i) living and (ii) dead bone marrow cells; (iii) living and (iv) dead splenic B cells. Abbreviations: A, annexin V; eF, eFluor; A^−^/eF^−^, living cells; A^+^/eF^−^, early apoptotic cells, A^+^/eF^+^, late apoptotic, and A^−^/eF^+^, dead cells. The means ± SD are shown; the significances were calculated using the unpaired Student\'s *t*-test.](cmi201518f3){#fig3}

![Internalization kinetics of splenic B cells. (**a**) The decrease in mean fluorescent intensities (MFI) upon IgM-FITC internalization at 37°C from three Hax1^−/−^ and three WT mice is shown. The MFI of time point 0 was set at 100. The numbers of the following time points were calculated accordingly. (**b**) The increase in the MFI upon IgM-pHrodo internalization at 37°C from 3 Hax1^−/−^ and 3 WT is shown. The MFI value of time point 0 was subtracted from the MFI of the following time points. (**c**) One representative Hax1^−/−^ and WT IgM-pHrodo FACS comparison is shown and indicates internalization after 90 minutes. The means ± SD are shown; the significances were calculated using the unpaired Student\'s *t*-test.](cmi201518f4){#fig4}

![HAX1 interaction with the cytoplasmic domains of Ig subtypes. (**a**) The transmembrane (M1) and the cytoplasmic domains (M2) of human IgE were exchanged with the mouse IgM, IgG1, IgG2a, IgE, or IgA isotype, and the resulting chimeric plasmids were stably expressed in the A20 B lymphoma cell line. (**b**) The mean fluorescent intensities (MFI) reflecting the surface expression of the chimeric proteins are shown as bar graph, and (**c**) one representative FACS histogram is shown. (**d**) HAX1 was enriched from the stably transfected A20 cell lines using protein G Sepharose, and the binding of the chimeric human IgE/mouse tail receptors was determined using the anti-human IgE antibody. (**e**) The protein lysates used for co-IP were controlled for the presence of the HAX1 protein.](cmi201518f5){#fig5}

###### Calculated means of four Hax1^−/−^ and four WT mice as illustrated in the bar graph of [Figure 3a and b](#fig3){ref-type="fig"}.

                              Day 0   Day 0   Day 1   Day 1   Day 2   Day 2   Day 3   Day 3   Day 4   Day 4
  --------------------------- ------- ------- ------- ------- ------- ------- ------- ------- ------- -------
  B220^+^ bone marrow cells                                                                           
  A^−^/eF^−^                  63.97   81.55   58.40   59.92   59.92   51.02   29.50   23.60   25.37   17.10
  A^+^/eF^−^                  1.15    1.36    0.76    0.83    0.25    0.09    0.32    0.23    0.18    0.18
  A^+^/eF^+^                  26.72   11.35   17.42   15.37   11.73   5.67    20.60   15.30   24.22   19.15
  A^−^/eF^+^                  8.18    5.71    23.42   24.70   28.10   43.20   49.60   60.85   50.22   63.60
  B220^+^ splenic cells                                                                               
  A^−^/eF^−^                  89.65   86.07   68.57   44.27   35.02   20.72   8.48    3.33    3.11    1.53
  A^+^/eF^−^                  2.40    4.42    0.42    0.74    0.36    0.19    0.14    0.05    0.05    0.02
  A^+^/eF^+^                  5.56    7.58    5.16    11.00   7.86    11.27   9.97    10.93   10.46   10.34
  A^−^/eF^+^                  2.39    1.95    25.8    44.05   56.67   67.85   81.45   85.67   86.40   88.07

Significant differences are indicated by a gray background. A^−^/eF^−^, living cells; A^+^/eF^−^, early apoptotic cells; A^+^/eF^+^, late apoptotic; A^−^/eF^+^, dead cells.

###### SPRA of synthetic peptides representing the cytoplasmic domains of different immunoglobulins and deletion peptides.

  Isotype   Cytoplasmic domains and deletion peptides   Protein sequence               Calculated dissociation constant (K~D~)
  --------- ------------------------------------------- ------------------------------ -----------------------------------------
  IgG1      whole cytoplasmic domain                    KVKWIFSSVVELKQTLVPDYKNMIGQAP   ∼10^−7^
  IgG1      C-terminal deletion                         KVKWIFSSVVELKQTLVPD            ∼10^−6^
  IgG1      N-terminal deletion                         SSVVELKQTLVPDYKNMIGQAP         No binding
  IgG1      C/N-terminal deletion                       SSVVELKQTLVPD                  No binding
  IgG2a     Whole cytoplasmic domain                    KVKWIFSSVVELKQTISPDYRNMIGQGA   ∼10^−7^
  IgG2a     C-terminal deletion                         KVKWIFSSVVELKQTISPD            ∼10^−6^
  IgG2a     N-terminal deletion                         SSVVELKQTISPDYRNMIGQGA         No binding
  IgE       whole cytoplasmic domain                    KVKWVFSTPMQDTPQTFQDYANILQTRA   ∼10^−6^
  IgE       C-terminal deletion                         KVKWVFSTPMQDTPQTFQD            ∼10^−5^
  IgE       N-terminal deletion                         STPMQDTPQTFQDYANILQTRA         No binding
  IgA       Whole cytoplasmic domain                    TVRGPFGSKEVPQY                 No binding
  IgA       N-terminal fusion to KVKWIF                 **KVKWIF**TVRGPFGSKEVPQY       ∼10^−6^

###### Charge and polarity of the N-terminal six amino acids.

  ------- ----------------- ---------------------- ------------- ---------------------- ---------------------- ----------------------
  IgE             K                   V                  K                 W                      V                      F
             polar/basic     nonpolar/hydrophobic   polar/basic   nonpolar/hydrophobic   nonpolar/hydrophobic   nonpolar/hydrophobic
  IgG1            K                   V                  K                 W                      I                      F
             polar/basic     nonpolar/hydrophobic   polar/basic   nonpolar/hydrophobic   nonpolar/hydrophobic   nonpolar/hydrophobic
  IgG2a           K                   V                  K                 W                      I                      F
             polar/basic     nonpolar/hydrophobic   polar/basic   nonpolar/hydrophobic   nonpolar/hydrophobic   nonpolar/hydrophobic
  IgM             K                   V                  K                                                                
             polar/basic     nonpolar/hydrophobic   polar/basic                                                           
  IgA             T                   V                  R                 G                      P                      F
           polar/uncharged   nonpolar/hydrophobic   polar/basic     polar/uncharged      nonpolar/hydrophobic   nonpolar/hydrophobic
  ------- ----------------- ---------------------- ------------- ---------------------- ---------------------- ----------------------
